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Introduction
Weather observing has been a part of US military operations for nearly 200 years. The history of organized weather support to the US military began in 1814, when the Army Surgeon General directed that weather observations be taken and recorded at all Army posts. 1 The
Army's weather support function underwent a number of organizational changes, falling at times under the US Weather Bureau and the Army Signal Corps before finding a home in the Army Air Corps in the years prior to World War II. 2 Like the Air Force itself, the Air Corps Weather Service, later renamed Air Weather Service (AWS), underwent rapid expansions in both World
War II and the Korean War, only to contract equally quickly in the wake of both conflicts. After remaining relatively static in both organization and size during the bulk of the Cold War, AWS underwent dramatic reorganization and downsizing during the 1990s, again mirroring changes in the larger Air Force.
The common mission of AFW and CNMOC is to characterize the current and future state of the environment in all warfighting domains--air, sea, land, space, and even cyberspace (if one considers that conditions in the near-Earth space environment affect communications links of networked systems). The goal of the DoD METOC community is encapsulated in AFW's motto:
Coelum ad Proelium Elige (Choose the Weather for Battle). Certainly US forces should never be surprised by adverse environmental conditions. But more than that, they should be able to exploit their superior knowledge of the current and future state of the environment in all domains as an asymmetric advantage over any adversary.
Accurate observations in sufficient quantity are the key to correctly characterizing and forecasting the state of the environment, whatever the domain. Unfortunately, direct in situ measurements of atmosphere, oceanic, land, and space parameters are extremely limited.
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Globally, there are only a few thousand surface weather observing sites, a few thousand aircraft, ships, and ocean buoys with observing capability, a few hundred weather balloon sites, and a few tens of upper atmospheric and ionospheric sounding sites. The bulk of observational data in all environmental domains, then, is remotely sensed. 3 A number of terrestrial observation systems collect remotely-sensed data: weather radar, Doppler wind profilers, laser cloud ceilometers, and ionospheric sounding systems. The vast majority of the remotely-sensed observations used today, though, are collected by satellite-based instruments. Since the launch of the first weather satellite in 1960--followed closely by the launch of the first military weather satellite in 1963--the DoD meteorology and oceanography (METOC) community has come to rely greatly on a diverse constellation of weather satellite types. 4 By the 1980s, numerical weather prediction (NWP) computer models depended on satellite-derived temperature and moisture profiles for proper initialization and forecasters themselves depended on still and animated cloud imagery as an integral forecasting tool. 5 The DoD METOC community had arguably reached the point where it could not accomplish its mission of characterizing and forecasting environmental conditions without weather satellites.
Unfortunately, DoD's weather satellite reliance extended far beyond its own DMSP constellation, spreading to civil, foreign, and research and development (R&D) satellites as well. Clearly, reliance upon satellites outside DoD's direct control brings with it the vulnerability of losing critical satellite data sources at any time. While constrained resources probably made such a situation inevitable, a share of the blame rests with the METOC community itself because it has failed to consistently, clearly, and correctly identify its environmental satellite requirements. Operational Requirements Document (IORD) II. Both fall significantly short of expressing the METOC community's complete environmental satellite data needs today and in the future. To ensure its ability to successfully support its operational users, AFWA and CNMOC should begin producing a regularly-updated comprehensive environmental satellite data requirements document. This paper makes recommendations on the contents of such a document.
Environmental Satellite Data Use by the DoD METOC Community

a. Weather Satellite Instruments and the Electromagnetic Spectrum
With a few exceptions, satellite-based environmental remote sensing instruments make passive use of the electromagnetic spectrum. That is, they sense from space the visible, infrared (IR), or microwave energy radiated or reflected by the Earth's atmosphere or surface. Figure 1 includes example images from the spectral regions described below.
The visible band, which resides at wavelengths between .4 and .7 µm (microns or 10 -6 m), is the easiest region of the spectrum to grasp because our own eyes operate in this band. Max
Planck discovered the function that tells us how an object's temperature governs both the intensity of the electromagnetic energy emitted by the object and the region of the spectrum where it emits most of that energy. 6 By virtue of its nearly 6000C surface temperature, the sun emits most of its energy in the visible portion of the spectrum. In this band, the fraction of incident radiation reflected by terrestrial objects varies considerably. Clouds reflect strongly, land surfaces moderately, and water surfaces poorly. Visible satellite imagery is most useful for observing the amount and type of cloud cover, particularly when images of the same geographic area are displayed in an animated sequence. Cloud identification can be performed, either qualitatively by a human forecaster, or quantitatively by automated algorithms. The AU/ACSC/Wacker/AY09 4 disadvantage of visible imagery, though, is that it requires a sunlit scene and thus is only usable during daylight hours.
The IR band resides wavelengths longer than the visible band. The Earth's surface and clouds are nearly blackbodies--perfect absorbers and emitters--in the far IR region of the spectrum, between wavelengths of 4 and 50 µm. This means that the energy observed by a radiometer looking at the Earth in the far IR band is not reflected solar radiation, but rather energy emitted directly by the surface, clouds, and the atmosphere. The temperature of the emitting object, via the Planck function, determines the intensity of the IR radiation it emits.
While the poorer spatial resolution of far IR imagery makes it less useful than visible imagery for distinguishing fine details of cloud structure, the temperature information it contains allows us to determine cloud height. Furthermore, IR imagery is always available, regardless of solar illumination. As with visible imagery, IR imagery is most useful to human forecasters when animated. Automated cloud analysis algorithms combine IR imagery with visible imagery to determine both cloud coverage and cloud layer heights.
The gases that compose the atmosphere combine to create a complex spectrum of absorption bands in the far IR band. This makes far IR radiation less straightforward to use for remote sensing, but also allows several other uses in addition to cloud imagery. At wavelengths approaching these absorption bands, the atmosphere becomes progressively more opaque, and the energy observed from space originates from progressively higher in the atmosphere. This allows construction of vertical temperature profiles, similar to those obtained from weather balloons, by combining the energy observed in a number of closely-spaced channels on the fringe of an absorption band. The next spectral region of interest beyond the far IR band is the microwave portion of the electromagnetic spectrum, with wavelengths ranging from 1 mm to 10 cm. As with the far IR, the energy observed when looking downward from space is entirely terrestrial, rather than solar, in origin. However, in the microwave band, cloud, ocean, and land surface emissivities vary strongly with frequency. Additionally, since the shorter microwave wavelengths are comparable in size to raindrops, snowflakes, and hailstones, liquid and frozen precipitation in the atmosphere strongly scatter radiation at these wavelengths. Cloud droplets, typically two to three orders of magnitude smaller than precipitation drops, have little to no effect on most microwave wavelengths. This makes microwaves effectively able to penetrate clouds, enabling vertical temperature profiles similar to those possible in the far IR band, but in cloudy in addition to only clear conditions. Microwave imagery is particularly useful for peering through dense high-level cirrus cloud cover and identifying, for example, the spiral bands of precipitation indicating the center of a tropical cyclone.
The microwave spectrum also yields vertical humidity profiles by exploiting water vapor absorption. Since ocean surface emissivity varies with the roughness of the sea, microwave techniques can be used to infer ocean surface wind speeds. Land surface emissivity varies with soil moisture content, vegetation, and snow cover, enabling use of the microwave band to infer land surface properties as well. Geostationary satellites sacrifice resolution and global coverage for rapid refresh rate and greater timeliness.
A few environmental satellites make use of other orbit types. NASA's Tropical Rainfall
Measuring Mission (TRMM), for example, is in a low-Earth orbit similar to polar satellites, but only inclined about 25 from the equator, confining its ground track to the tropics. Satellites which need to combine frequent refresh rates and high latitude coverage often use highlyelliptical orbits (HEO). These orbits combine a roughly 60 inclination from the equator with very high eccentricity, a very elongated shape, causing them to rapidly skim the surface at the low end of their orbit, and then hang for a prolonged period near the high end. Finally, some space-environment satellites are lofted to a Lagrange point between the sun and the Earth, where the net gravitational force of the sun and Earth on the satellite causes it to remain at a nearly fixed point relative to the two bodies. This enables the satellite to provide some warning of highenergy particle streams headed for the Earth's geomagnetic field from solar flares.
c. Past, Current, and Future Environmental Satellites
The Department of Commerce's (DOC) National Oceanographic and Atmospheric 
d. Current DoD METOC Use of Environmental Satellite Data
Joint METOC doctrine and Air Force-unique weather doctrine both outline similar fivestep continuous processes for producing accurate, timely, and relevant environmental support for operational users. 12 Step 1, collection, is the continuous process of gathering in situ and remotely-sensed environmental data from each of the warfighting domains.
Step 2, analysis, is the process of combining the collected observations into a depiction of the current state of the environment at regular intervals.
Step 3, prediction, employs both NWP models and human forecasters to project the future state of the environment.
Step 4, product tailoring, combines analyses and forecasts with detailed knowledge of the environmental sensitivities of the supported operational mission to produce accurate and relevant products easily consumed by operational users. Finally, step 5, dissemination, is ensuring that tailored environmental products are always in the hands of operational users in time to be incorporated properly into their cycle of planning, executing, and assessing.
According to recent doctrine, the collection, analysis, and prediction steps are best centralized. 13 Both AFW and CNMOC are organized in a strategic-operational-tactical hierarchy.
The strategic centers--the Air Force Weather Agency (AFWA) at Offutt AFB, Nebraska, the Naval Oceanographic Office (NAVOCEANO), at Stennis Space Center, Mississippi, and the analysis with a regular hourly worldwide analysis and forecast of cloud cover, type, and layer heights. CDFS II has arguably increased the utility and accuracy of AFWA's cloud-free line of sight (CFLOS) products for a variety of users. One of the many changes it brings, though, is a greatly diminished role for DMSP in the very application for which it was originally conceived.
Except in polar regions, geostationary imagery--which offers much higher refresh rates, more spectral content, and quicker data transmission--will almost always be chosen by the CDFS II analysis.
The second factor changing DoD satellite data use is the emergence of AFW's machineto-machine (M2M) weather support paradigm. As intelligence, surveillance, and reconnaissance (ISR) capabilities increase and air operations centers (AOCs) mature they continue to refine and, most importantly, accelerate the find-fix-track-target-engage-assess cycle. Increasingly, operational decisions are being made within the air tasking order (ATO) cycle more quickly than a human forecaster can be incorporated into the process. AFW envisions a future where its role is primarily one of continuously updating a central repository of current and future environmental data. 15 This net-centric database will be accessed by operational users' situational awareness and planning systems and environmental data will be incorporated with intelligence and other planning factors into the users' decision-making process. 16 This will have the effect of diminishing the importance of today's paradigm of animated geostationary imagery aiding a human forecaster and emphasizing the quality of the global and fine-scale NWP forecasts that populate--without human intervention--the central data cube. As a result, IR and microwave temperature and moisture profiles, land and ocean surface parameters, and space environmental parameters, rather than visible and IR imagery, may soon become the most critical environmental satellite data.
AU/ACSC/Wacker/AY09 16 The third change is the increasing reliance of deployed METOC units on satellite communications. As recently as five years ago, reachback capability was much less robust and tactical METOC teams deployed with bulky terminals dedicated to receiving direct-readout data from DoD and civil weather satellites. While some direct receiving equipment remains with tactical-level teams, it is no longer their primary means of obtaining satellite imagery. As a result, direct readout capability to tactical terminals, once one of DoD's most critical requirements for DMSP, is becoming much less critical.
Fourth, the changing nature of both global and fine-scale NWP models is changing the way DoD uses weather satellite data. This change was triggered by the introduction of direct radiance assimilation during the 1990s. 17 Prior to this time, atmospheric temperature and moisture profiles were generated from IR and microwave satellite data alone and incorporated into an analysis along with profiles from weather balloons and other sources. The NWP forecast model was then run with the analysis as its initial condition. Direct radiance assimilation skips the intervening steps of generating the satellite-based profile and merging them into an analysis with other data sources. Instead, direct radiance assimilation uses a previous NWP forecast to predict what the IR and microwave energy emitted by the atmosphere should be observed from space. Then it compares the predicted radiances to the IR and microwave radiances observed by satellite and iteratively adjusts the forecast until the difference between predicted and observed radiances is minimized. This adjusted forecast then becomes the current analysis and the cycle is repeated. The result is that DoD's IR and microwave satellite data consumption has shifted away from stand-alone satellite-derived temperature and moisture profiles and now emphasizes the raw radiance data instead.
The fifth major change in DoD satellite data consumption is the growing maturity of space environment forecast models. The relatively small community of space environment researchers likens our current capabilities in this domain to our weather forecasting abilities 50 years ago--able to observe and forecast based on empirical rules and lacking useful numerical forecasting capability, but on the verge of developing it. 18 Soon, forecast models will be able to predict future conditions of the geomagnetic field and ionosphere with measurable skill. This will significantly increase the demand for quality space environment observations optimized for assimilation into space environment forecast models, in much the same way that the maturation of atmospheric and surface data assimilation changed the types of satellite data consumed in NWP model production.
The final factor affecting DoD satellite data use is the changing nature of weather reconnaissance by aircraft. As previously discussed, aircraft weather reconnaissance is nearly non-existent in the Pacific and Indian Oceans. It persists, but in a limited fashion, in the Atlantic basin. This has shifted the burden for TC reconnaissance squarely to satellites over the past two decades. However, the emergence of long-range uninhabited aerial vehicles (UAVs) for environmental monitoring may reverse this trend and once again make aircraft reconnaissance of TCs and other weather phenomena, particularly over data-sparse regions like the Pacific Ocean, commonplace. 19 If that becomes the case, then environmental satellite data requirements may have to adjust to exploit the possibility of combined aircraft-satellite observational techniques.
f. DoD's Environmental Satellite Problem
The environmental data requirements of AFW's and CNMOC's operational users drive the types and dissemination methods of the products they are provided. These products in turn dictate the METOC analyses and forecasts that must be produced. The analysis and forecast Despite its critical dependence upon environmental satellite data, the DoD has no single, comprehensive, current statement of its environmental satellite data requirements. Without such a statement, neither the severity of the loss of one or multiple sources of environmental satellite data, nor the urgency of its replacement, can be clearly articulated by the Pentagon acquisition community. As a result, the DoD METOC community continuously lives at risk of losing a key data source, and in turn, failing to meet its obligations to the operational users it supports.
Evaluating Past Satellite Requirements Documents
The landscape is not devoid of past satellite requirements documents. 
a. MJCS 154-86
MJCS 154-86 was the last in a string of semi-regularly updated joint statements of weather satellite data requirements beginning in 1976. 21 Despite its age, MJCS 154-86 is still frequently cited today. The memo contains two sections. The first is a very comprehensive description of the missions supported by environmental satellite data and the characteristics of the satellite data required for operational support in the air, land, sea, and space domains. This document was, in fact, the first to address all four domains simultaneously and refer to environmental rather than meteorological satellites. The second section of MJCS 154-86 is a detailed list of specific data requirements for the Air Force's proposed DMSP Block 5D-2 and the Navy's proposed Naval Remote Ocean Sensing System (N-ROSS) acquisition programs.
MJCS 154-86 has two main strengths. The first is its careful analysis and detailed justification of the requirements it contains. By first discussing the missions supported by environmental satellite data, then the specific data types required for each type of support, it establishes strong traceability of satellite requirements to operational users' requirements. MJCS 154-86's second strength is the extremely detailed description of the requirements themselves.
Horizontal and vertical resolution, measurement precision and accuracy, and data refresh rates and timeliness are all carefully specified, and meticulously justified.
MJCS 154-86's first weakness is that it is focused primarily on polar satellites. At the time of its writing, geostationary satellites were in use but their relatively poor horizontal resolution and their lack (at the time) of IR temperature profiling capability made them useful only for the animated imagery used qualitatively by forecasters. Polar satellites were seen as primary due to their high-resolution cloud imagery, temperature and moisture profiling capability, and tactical direct-readout capability for deployed users.
Its second weakness is simply that it is far out of date. The requirements it so carefully analyzes fail to contemplate patterns of satellite data usage that have become the norm over the past 15 years: direct assimilation of IR and microwave sounding data by NWP models; automated global cloud analyses using visible and IR imagery; the introduction of space environmental forecast models; and imagery transmission robust broadband communications between strategic centers and deployed tactical METOC teams.
b. NPOESS IORD II
The data rates to facilitate direct downlink to tactical users at relatively low data rates. DOC's NWP models primarily assimilate IR radiances, while DoD's primarily rely on microwave radiances, necessitating the inclusion of both a highly capable IR sounding instrument and a highly capable microwave imaging and sounding instrument. The result is a document that was intended to be a merged consensus of DOC, DoD, and NASA polar-orbiting satellite requirements, but became a summation of all three agencies' individual requirements. Unfortunately, the DoD METOC community failed to recognize that many of the requirements it fought to retain in the NPOESS IORD II were becoming obsolete, even as they were fighting for them. The need for high resolution imagery for cloud analyses and extremely timely data availability were largely negated by CDFS II. Similarly, the diminished need for direct tactical readout of satellite data makes the requirement for a deployable NPOESS ground processing segment largely moot.
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The IORD II also follows the recent acquisition trend of requiring an end-to-end product.
IORD II requires not just raw data from the satellites' sensors, but all of the meteorological, oceanographic, land-surface, and space environmental products derived from that data. This makes all the ground processing that is performed by the individual strategic centers today to be incorporated into the NPOESS Integrated Data Processing Segment (IDPS). Early on in sensor and algorithm development, a complex network of interdependencies among NPOESS' various sensors developed, and with those interdependencies came a sub-layer of additional derived requirements the instruments had to meet.
The NPOESS program has been plagued by problems almost since the total system performance responsibility was awarded in 2004. 23 NPOESS has now lost its primary microwave imaging and sounding instrument, to be replaced with one roughly equivalent to the instrument flown by DMSP today. Perhaps more significant is the near total elimination of NPOESS' space environment instrument suite. Finally, the constellation has been pared from three polar orbital planes to only two, diminishing the data refresh rate and overall amount of data available.
While the exact causes of NPOESS programmatic difficulties are arguable, technical difficulties with two of its primary instruments, the Visual and Infrared Imaging Radiometer Suite (VIIRS) and Conical Scanning Microwave Imager/Sounder (CMIS), share much of the blame. In both cases, the technical difficulties associated with the unprecedented combination of high spatial, high spectral resolution, and high radiometric accuracy requirements derived from the users' requirements in IORD II have proven very problematic. 24 NPOESS' future remains highly uncertain, as another Nunn-McCurdy breach may prove fatal to the whole program. If it survives, the de-scoped two-satellite NPOESS constellation will fail to deliver all that was originally envisioned. Had its original requirements been more disciplined, VIIRS and CMIS arguably would have had a better chance of meeting those requirements, and the program as a whole would have had a higher likelihood of success. with which raw satellite data must be turned into environmental analyses and forecasts, and then incorporated into the operators' decision-making cycles is increasing. While the goal of merging two seemingly similar government satellite programs was admirable, its execution has proven nearly untenable.
Toward an Updated DoD Environmental Satellite Requirements Document
Third, given the rapidity with which operational concepts change, and with which DoD's METOC support functions change in response, any environmental data requirements document must be refreshed often. While nothing is on the horizon akin to the change wrought by the introduction of environmental satellites themselves, there is continuous progress in the fields of data assimilation and space environment forecasting that necessitate continuous, sometimes subtle, adjustments to these processes' data requirements. Changes to the threat environment will affect satellite data requirements as well. While DoD's recent trend has been away from direct tactical downlink of satellite data, threat of future cyber attacks may necessitate retention, or even re-emphasis, of such a capability. DoD's satellite requirements document should thus keep pace with changes to the operational concept, scientific techniques, and threats.
Fourth, at least some of the updated requirements should be framed in a manner that permits their accomplishment by platforms other than dedicated environmental satellites. During the late 1990s, the Space-Based Infrared System (SBIRS) attempted to incorporate a package of "battlespace characterization" capabilities in its requirements. SBIRS is intended to replace the Defense Support Program constellation in its missile launch detection role by using a mixed constellation of geostationary and HEO satellites with high resolution imagery capability across the IR spectrum. While it could have proven useful to the METOC community, the battlespace characterization initiative never gained traction, partly because there was no extant METOC requirement it could satisfy. Similar future opportunities provided by commercial satellites or other DoD programs may prove successful if backed by a current, carefully-analyzed requirement.
Fifth, the document should prioritize the requirements in a manner that clearly highlights the severity of the failure to meet any individual or set of requirements. DoD's resources are always constrained, and the coming decade promises to exacerbate that problem with a stagnant national economy and the necessity to recapitalize forces worn thin from the Long War. Clearly, not all--maybe not even very many--of the requirements specified in the updated document will be satisfied. Prioritizing among the stated requirements is thus critical.
Recommendation
Today the DoD METOC community is lucky to have access to ample environmental satellite data. The DMSP constellation continues its reliable service after 4 1/2 decades.
NOAA's GOES and POES programs are both extremely healthy. Europe and Japan enjoy service from a new generation of geostationary satellite. NASA's remarkable suite of EOS AU/ACSC/Wacker/AY09 26 missions continues to soldier on a decade after their launch. This fortunate circumstance is not likely to persist, though. Unforeseen spacecraft hardware failures are inevitable. QuikScat, TRMM, Terra, and Aqua will soon be gone. The last of the POES spacecraft, NOAA-N', was launched as this was being written. 25 NPOESS' future is anything but clear.
The METOC community needs an authoritative source document to use to quantify the shortfall in its capability to support its operational users that would result from the loss of one or more of the environmental satellite systems it uses today. Furthermore, the same source document must exist as the foundational need statement for future DoD environmental satellite and ground processing systems. In order to be a credible and authoritative source, AFW and CNMOC need to devote the resources and talent to continuously re-assessing the requirements it contains, and updating it regularly to accommodate changing operational concepts, scientific progress, and evolving threats. An update to MJCS 154-86 should serve as the starting point for such an updated requirements document and the NPOESS IORD II should serve as a cautionary example of the consequences of not carefully constraining the stated requirements.
Air Force Weather and the Naval Meteorology and Oceanography Command should make the creation and sustenance of an updated DoD environmental satellite requirements document a priority. The continued high standard of operational support they provide their operational users depends on it.
